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ABSTRACT: The geometrical similarity of helicoidal ber
arrangement in many biological brous extracellular matrices,
such as bone, plant cell wall, or arthropod cuticle, to that of
cholesteric liquid mesophases has led to the hypothesis that they
may form passively through a mesophase precursor rather than by
direct cellular control. In search of direct evidence to support or
refute this hypothesis, here, we studied the process of cuticle
formation in the tibia of the migratory locust, Locusta migratoria,
where daily growth layers arise by the deposition of ber
arrangements alternating between unidirectional and helicoidal
structures. Using focused ion beam/scanning electron microscopy (FIB/SEM) volume imaging and scanning X-ray scattering, we
show that the epidermal cells determine an initial ber orientation, from which the nal architecture emerges by the self-organized
co-assembly of chitin and proteins. Fiber orientation in the locust cuticle is therefore determined by both active and passive
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processes.
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he orientation of bers in extracellular matrices (ECMs),

skeletal and connective tissues strongly a ects their
physical properties, which in turn determines morphogenesis,
cell adhesion, and functionality.” Fiber orientation therefore
needs to be spatially and temporally controlled by the tissue
that produces the ECM (e.g., refs 5 7). For many biological
systems, it is however still unclear how the control over ber
orientation is achieved. Biological brous materials, such as
bone, plant cell wall, and arthropod cuticle, are often described
as liquid crystal (LC) analogues as they exhibit structural
similarity to LC but are solid in their functional state.” In
unidirectional ber arrangement (analogous to aligned nematic
LC), sheets made of parallel bers are stacked on top of each
other with the same orientation, whereas in the helicoidal
arrangement, also termed twisted plywood or Bouligand
structure (analogous to cholesteric, or chiral nematic LC),
the orientation of the bers in successive sheets is continuously
rotating.? Both types of ber orientations can be found in
arthropod cuticle made of -chitin bers embedded in a
protein matrix. They are also present in plant cell wall made of
cellulose bers embedded in a mixed matrix of hemicellulose
and lignin and in mineralized or unmineralized collagen-based
tissues in vertebrates.” *

Furthermore, many bio-macromolecules and biological
crystals, among them hemicellulose, cellulose, chitin, collagen,
and silk, have been demonstrated to form LC phases in vitro
(reviewed in Mitov®). These observations have led to the
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hypothesis that brous biological materials organize by
molecular self-assembly via a liquid mesophase that sub-
sequently solidi es by dehydration and cross-linking.®  Self-
assembly is thought to be facilitated by matrix components
such as hemicellulose in the case of plant cell wall or proteins
in the arthropod cuticle.® The latter is supported by molecular
genetics studies in several insect species showing cuticle with
modi ed ber organization, often with lethal phenotypes,
following a genetic knockdown or silencing of certain cuticular
proteins.” *

In contrast, evidence for cell-directed ber organization™
and for the transfer of mechanical stresses from the
cytoskeleton into the ECM, as observed in broblast tissue
culture,”® call the generality of the self-assembly hypothesis
into question. In addition, although formation of chiral
nematic phases of chitin nanocrystals is readily attained in
vitro, the aligned nematic phase has only been achieved after
application of external shearing forces to an initially chiral
nematic suspension.’® Therefore, in an attempt to reconcile
self-assembly and cellular control mechanisms for ECM
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Figure 1. Cuticle deposition in L. migratoria. (A) Adult locust (AIDAsign stock.adobe.com, reprinted with permission). Inset showing a cross
section of the hind tibia and the coordinate system used throughout: (z) longitudinal, (r) radial, and (t) transverse directions. Hind tibia of L.
migratoria contains proximal (PRO) and distal (DIS) parts. Area marked in magenta, upper region of distal part, was sampled and analyzed in this
study. (B) Confocal light scanning microscopy (CLSM) image of tibia cross section stained with Direct Yellow 96 stain showing the daily growth
layers of chitin bers in unidirectional and helicoidal ber arrangements, leading to, respectively, alternating nonlamellate and lamellate layers. (C)
CLSM tibia cross section double stained with 4 ,6-diamidino-2-phenylindole (DAPI) (blue) and Nile red (green) showing the epidermal cell layer
adjacent to the cuticle. Orange rectangle indicates similar area of the cross section imaged using FIB/SEM in (D). (D) FIB/SEM slice showing
epidermal cells between the basal membrane (Bm) and the cuticle in fth instar. The nuclei are false colored in light blue and the pore canals are
indicated with magenta arrowheads. (E) FIB/SEM slice showing the assembly zone between the cuticle (right) and the surface of the epidermal cell
layer (left) in fth instar. Magenta arrowheads point to a pore canal; cell nuclei are false colored in light blue. The orange rectangle marks an area
from which the micrograph shown in (F) is taken. (F) Magni cation of the assembly zone in a region indicated in (E). The micrograph is obtained
from a di erent depth in t direction than shown in (E). The microvillar structures on the apical cell surface, which end with bright contrast at the
location of the presumably chitin synthesizing plaques (light blue arrowhead), can be seen, as well as the newly deposited cuticle (yellow asterisk).

Cell interior is marked with blue asterisk.

deposition, Bouligand®’ suggested that cell membranes could
create strong boundary conditions that in uence ber
organization and self-assembly. Neville'® suggested a two-
model system with varying degrees of cellular control in the
deposition of unidirectional and helicoidal architectures in
insect cuticle. His suggestion was based on the observation that
the unidirectional organization in insects is bilateral symmetric,
while the helicoidal organization is bilateral asymmetric; the
helicoidal twist is always left-handed. Here, we sought to
understand how the variation in cellular control on ber
architecture is achieved. We studied the circadian clock
regulated cuticle deposition in the locust, Locusta migratoria.
In this species, endocuticle formation involves alternating
deposition of nonlamellate layers of unidirectional ber
arrangement during the day and lamellate cuticle made of
twisted plywood structure during the night (Figure 1).'° By
means of two- (2D) and three-dimensional (3D) machine
learning analysis of focused ion beam/scanning electron
microscopy (FIB/SEM) volumes and high-resolution scanning
X-ray scattering methodologies, we show that microvilli
organization at the epidermal cell surface determines an initial
ber orientation from which chitin protein co-assembly leads
to the nal ber architecture in the locust cuticle.

RESULTS AND DISCUSSION

The innermost part of the procuticle of L. migratoria (Figure
1A), termed endocuticle, is deposited after ecdysis by a single
layer of epidermal cells that secrete the cuticle’s components

into a 05 1 m wide “assembly zone” (Figure 1B F).?°
Chitin is synthesized and secreted by a transmembrane
enzyme, chitin synthase, located within “plaques” at the tips
of microvilli emerging at the apical cell surface (Figure 1F),
while cuticular proteins are proposed to be delivered to the
assembly zone by vesicles.”° We imaged the deposition zone in
hind tibia cuticle of animals at di erent developmental stages
(see the Methods section) 2 or 3 days after ecdysis, collected
during either the light or dark phase, in alternating 12/12 h
cycle illumination conditions (hereafter termed Day or Night
samples, respectively). In particular, we used FIB/SEM volume
imaging to determine the spatial relationships of the microvilli
with respect to each other (Figure 2), to the bers within the
assembly zone and within the cuticle (Figure 3), and to the
cuticle surface (Figure 5). For segmentation and quanti cation,
we implemented a three-dimensional machine learning
algorithm based on a U-shaped, fully convolutional network
(3D-FCN, see the Supporting Information for details) as
proposed recently.”*

Microvilli Organization. Cryo xed samples were prepared
by high-pressure freezing (HPF) cross sections of tibiae from
Day and Night specimens, followed by xation, staining, and
embedding using an automatic freeze-substitution (AFS)
machine. Day and Night samples show di erences in the
microvilli structure and organization (Figures 2 and 3). In
Night, we mainly observed individual microvilli structures, with
close-to-circular cross section, containing a single plague at
their tips (Figures 2A,B and 3A,B). In Day, the bases of 2 4
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Figure 2. FIB/SEM and reconstructed 3D volume of locust cuticle
and apical surface of epidermal cells. (A) FIB/SEM slices of Night and
(C) Day samples of cryo xed locust tibiae obtained from adult and
fth instar specimen, respectively, 2 days after ecdysis. Reconstruction
of microvilli in Night (B) and Day (D) samples. Cyan arrowheads
point to plaques at the tips of the microvilli. Orange rectangles in (A)
and (C) indicate the regions for which 3D volume renderings are
shown in (B) and (D), respectively. White dotted lines in (D)
indicate merged microvilli structures.

microvilli, each containing a single plaque at its tip, are merged
to form anisotropic ridges around 300 nm in length (Figures
2C,D, 3D;E, and S1). The patterns observed in the microvilli
structure and organization in Day and Night samples described
here were consistent throughout di erent biological and
technical replicates of the upper region of the distal part of
hind tibia (see the Methods section) independent of the
developmental stage of the analyzed animal.

To determine the microvilli organization over large areas
(hundreds of microns), we prepared samples using chemical
xation methods and osmium staining followed by resin
embedding. These samples are overstained and the images
contain less details relative to cryo xed samples (Figure S2),
facilitating automatic image analysis using two-dimensional
neuronal networks (2D-FCN, see the Supporting Information
for details).”* In both Day and Night samples, cell surface

regions containing microvilli extend over several cells, but the
spatial organization of the microvilli di ers substantially
between the two conditions (Figures S2 and 4C,D) in
agreement with the results obtained from cryo xed samples.
A comparison between the 3D Fourier transform (FT) of
labeled volume of the microvilli in Day and Night datasets
(Figure 4E H) shows the di erences in microvilli packing and
organization. In Night samples, the organization is short-
ranged, whereas in Day samples, we observe second-order
correlations indicating a longer range order. Furthermore, the
arrangement is highly anisotropic in Day samples, where the
distance (d,) between the center of the ridges determined
from the FT is 140 nm laterally and 250 nm vertically (dy) but
only slightly anisotropic in the Night samples (d, = 140 nm, dy,
= 180 nm). During the de novo formation of the embryo
cuticle in Drosophila melanogaster, the apical membrane of the
epidermal cells forms morphologically similar ridges, the apical
undulae. However, in this case, they are elongated over several
microns.”

Orientation of Fibers in the Deposition Zone. The
preservation of the assembly zone in cryo xed resin-embedded
sections allowed determining the thickness and the orientation
of the freshly deposited bers in 3D within the assembly zone.
Using FIB/SEM data, we determined ber-bundle thickness of
around 20 nm. However, inspecting 100 nm thin sections
using a transmitted electron detector (TED) in the FIB/SEM,
we also observed thinner bers around 5 nm (Figure S3). In
both Day and Night samples, the bers/ ber bundles assume
parallel orientation with respect to the cuticle and the cell
surface. The bers/ ber bundles are stacked in the radial
direction, with a slight lateral shift, giving the false appearance
of oblique bers protruding from the microvilli toward the
cuticle when viewed in 2D in the (rt) plane (Figure S3). We
speculate that the microvilli are dynamic structures that move
laterally in the (tz) plane while depositing the chitin bers.

The bers’ long axes in the Day samples are parallel to the
microvilli ridges’ long axes (Figures 2C and 3F). In Night
samples, we observe a narrow distribution of ber orientation
around three dominant orientations that seem to re ect the
packing pattern of the microvilli (Figures 2A and 3C). In these
samples, the dominant orientation of the bers changes with
the “depth” of the assembly zone, i.e., from the cell surface to
the cuticle (Figure 5A,C), (with  50° shift). We deduce from
this observation that during the dark phase, the bers are
secreted to the assembly zone in discrete orientations (Figures
3C and 5A,C). However, within the cuticle, the rotation angle
between successive sheets is much smaller (in the order of 1°).
This implies that the organization of the bers to a helicoidal
structure occurs via a self-assembly mechanism that includes
reorientation and compactization of the bers, where
compactization refers to the process of ber packing in the
radial direction from the cell surface to the cuticle surface. In
Day samples, as the bers are deposited in their nal
orientation, compactization occurs without reorientation.

Microvilli Remodeling and the Appearance of Large
Vesicles. In addition to the microvilli, in both Day and Night
samples, we often observed large regions displaying di erent
cell surface structures and a large number of vesicles (Figures 6
and S4 S6). These regions are at least as abundant as regions
with microvilli. Occasionally, structures resembling the plaques
in shape are present in these regions (Figure S6). This cell
surface structure shows similarities to that found in kidney
epithelial cells during remodeling of microvilli.* The assembly
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Figure 3. Microvilli structure and ber deposition within the assembly zone. FIB/SEM images (A, D) obtained by reslicing the 3D datasets shown
in Figure 2 along (t) (top) and (z) (bottom) directions for Night (A) and Day (D) samples. The comparison shows that the microvilli have similar
dimensions in (z) and (t) directions in the Night samples ((A) top and bottom), whereas they are elongated along the (z) direction in the Day
samples ((D) top). The plaques are depicted in bright blue. (B, E) (zr) and (tr) plane views of resliced volumes. Only one plaque (bright blue
arrowhead) is situated at the tips of each microvillus in Night samples (B), but two or three plaques are observed in the Day samples on top of
microvilli merged along the (z) direction (E). (C, F) Three-dimensional volume rendering of the chitin bers/ ber bundles (yellow) observed in
the assembly zone and the apical cell surface in Night (C) and Day (F) samples. For simplicity, only half of the assembly zone thickness is shown.

White dotted lines in (F) indicate merged microvilli structures.

zone at this stage is narrower and highly stained such that the

bers cannot be discriminated (Figure S3B). We speculate that
this stage may be related to vesicular protein secretion and
potentially to the remodeling of the microvilli. Thus, our
observations suggest an active cell surface with a temporal
process with at least two timescales, one in which dynamic
microvilli move laterally while depositing chitin bers and a
second stage in which the microvilli disappear and are replaced
by vesicles.

Three-dimensional FIB/SEM is an excellent tool to
characterize mesoscale structures like the apical cell surface
and the ber orientation; however, this technique is insensitive
to the molecular structure and organization of the chitin ber
and associated proteins. To gain further insight into the chitin
and protein molecular assemblies, we used scanning X-ray
scattering. Hind tibia of animals reared in 12/12 h illumination
cycle were rapidly frozen and thin sections ( 30 m) were
prepared using a cryo-microtome. The sections were air-dried
and mounted on X-ray transparent silicon nitride membranes.
The sections were scanned using a monochromatic focused X-
ray beam (beam diameter 1 m), while 2D X-ray di raction
(XRD) patterns and X-ray uorescence (XRF) were recorded
concomitantly at each position. We used the (110) chitin
re ection to localize the cuticle and the Zn XRF signal for the
localization of the cells. The intersection of the two signals
marks the location of the assembly zone (Figure S7).

Fiber Compactization. Small-angle X-ray scattering
(SAXS) provides information about the spatial nanoscale

organization of the chitin protein bers within the assembly
zone and within the cuticle in the section plane. The SAXS
intensity was integrated radially and plotted as a function of the
azimuth angle (Figure S8). The width of the peaks in this plot
is related to the degree of ber alignment with respect to each
other within the (rt) plane (as de ned in Figure 1A). The
SAXS peak width (full width at half-maximum (FWHM), in
units of degrees, Figure S8) is mapped in Figure S7B,D across
a tibia cross section in Night and Day samples, respectively. In
both cases, the SAXS peak width at the assembly zone is
broader than the peak width in regions within the cuticle bulk.
This is supportive of a compactization process occurring after
deposition as discussed above.

Chitin Protein Co-assembly. X-ray di raction (XRD)
provides information about the molecular structure, the
respective organization, and the interaction of chitin with the
cuticular proteins.”>?® We have recently shown that co-
ordering of chitin and proteins along the b-crystallographic
direction of chitin, in the tarsal-tendon of the spider Cupiennius
salei, gives rise to a shift in the (020) chitin re ection due to
coherent scattering.® In addition, protein-speci ¢ re ections
with d-spacing equal to 0.47 nm, characteristic of intrasheet
interstrand spacing in cross -sheet motifs, were observed
along the meridian in 2D ber di raction patterns of spider
tendons. To best identify protein-related re ections in the
locust tibia, we reared animals in 24 h light settings. In these
conditions, the endocuticle is made only of unidirectional
layers.® The ber di raction pro les obtained from longi-
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